The characterisation and modelling of the mechanical behaviour of an oilwell cement paste at a very early age (≤24h) under high pressure and elevated temperature are studied. A multiscale homogenization approach is adopted. For this purpose, the evolution of the volume fractions of the different phases of the cement was determined by means of a kinetics model for the four main hydration reactions of a class G oilwell cement. Calorimetric experiments were performed in order to be compared with the results of the used kinetics model, on the one hand, and to study pressure and temperature effect on the hydration kinetics, on the other hand. A homogenization model is presented in order to predict the bulk and shear moduli evolutions. The model-based results are in agreement with dynamic moduli measurements data from ultrasonic propagation.
Introduction
In constructing oil and gas wells, primary cementing technique is used for placing cement slurries in the annular space between the drilled rock formation and the steel casing. The cement then hardens to form a hydraulic seal preventing the migration of formation fluids in the annulus. This later has to be especially well cemented because the cement sheath is submitted to various thermal and mechanical loadings from the drilling phase to the abandon phase. Over the past ten years, several papers concerned with the long-term mechanical durability of the cement sheath. However, until now there are no physical and mechanical inputs that permit to evaluate the development of stresses and strains at a very early age during cement paste hydration in oil or gas wells [1] [2] [3] [4] . The monitoring of the mechanical properties measurements of the cement paste at a very early age under downhole conditions (elevated temperature (HT) and high pressure (HP)) is not trivial due to the lack of instrumentation that can cure and maintain the cement paste under HTHP conditions while testing for mechanical properties. The present work aims to characterise and model the mechanical behaviour of a class G oilwell cement paste at a very early age curing under downhole conditions.
The first part of this paper concerns the homogenization of the mechanical behaviour of the cement paste at a very early age. The volume fractions evolution of the different phases of the cement paste are determined from a cement hydration kinetics model for the four anhydrous cement components. The evolution of the elastic properties at a very early age can be estimated by using an upscaling approach that provides access to the macroscopic behaviour from the intrinsic behaviour of the components at the first scale and their volume fractions.
The second part deals with the experimental characterisation of the oilwell cement paste. Semi-adiabatic calorimetric measurement is presented in order to be compared with the used kinetics model. Isotherm calorimetric measurements under HP were also conducted to study downhole conditions effect on hydration kinetics. Dynamic moduli obtained by ultrasonic propagation are finally compared with the homogenization model-based results.
Homogenization model
Several homogenization modelling approaches of the elastic behaviour of concrete were proposed [5] [6] [7] based on the knowledge of the elastic properties and volume fractions of its constituents ( fig. 1 ) either during the hydration or in post-hydration phase. The predictive capabilities of these upscaling approaches to determine the macroscopic elastic properties seem to be well-established [5, 6] .
The extension of such approaches to the prediction of the isothermal and no ageing viscoelastic behaviour of concrete to estimate its creep in post-hydration was also proposed from the use of the correspondence principle based on the Laplace-Carson transformation (Le et al. [7] ). But this principle cannot be applied on the hydrating cement paste because of the evolving hydrate phase viscoelasticity and exothermic reactions in progress. The approach is consequently limited to the instantaneous elastic properties of the cement paste. However in this work, in contrast to previous studies [5, 6] , the aqueous phase is taken into account to predict these properties. At a very early age, this phase has an important role and it cannot be occulted. This analysis appears to be essential from the beginning of the hydration and until the solid skeleton becomes sufficiently rigid to induce a cavitation of the aqueous phase in the capillary porosity.
In this contribution, the study is particularly focused on the instantaneous properties of the cement paste during hydration by the choice of a microstructure model and a given homogenization schema.
Schematization of the cement paste microstructure during hydration
When anhydrous cement is mixed with water, the cement paste can be regarded at a very early age as a suspension with a geometrical percolation (existence of a non-cohesive solid skeleton) of the anhydrous cement grains due to their sedimentation. Thereafter, the hydration leads to the nucleation and the growth of a multi-components and porous hydrate phase, which involves a gradual increase of the mechanical properties of the hardening cement paste (a mechanical percolation due to the development of a cohesive solid skeleton). The progressive development of the hydrated compounds induces a gradual decrease of the aqueous and anhydrous phases ( fig. 2) . After a certain time, the aqueous phase is mainly present in a filled or partially filled (due to water cavitation) porosity, drowned in the hydrate phase. Upscaling method applied to cement paste.
Accordingly, the schematization of the evolutionary microstructure of the cement paste during hydration is not trivial. Nevertheless, the representation of this microstructure is necessary to estimate the homogenized mechanical properties. In this work, the adopted microstructure schematization is given in fig. 3 with the three main involved phases: anhydrous grains, aqueous phase and developed hydrates with an embedded gel porosity. The aqueous phase is assumed to initially surround the anhydrous phase (suspension) and Cement paste phases evolution during early age hydration.
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Porous hydrate Cement paste Figure 3 : Schematization of the cement paste microstructure at a very early age after the mechanical percolation threshold.
progressively to be coated by the formed hydrate, this latter giving rise to a connected cohesive skeleton ( fig. 2 ). Therefore, this schematic representation of the cement paste can cover all the hydration process (from suspension to mechanical percolation).
Retained homogenization schema
To determine the macroscopic elastic properties (bulk and shear moduli) of the adopted microstructure, a suitable homogenization schema is needed. For this purpose, Mori-Tanaka or the classic self-consistent schema do not seem to be adapted for the evolutionary microstructure of cement paste. The first one requires that one phase remains a dominant connected matrix, whereas none of the cement paste phases keeps this property during hydration. The second schema is more adapted to describe the percolation of one phase from an initial medium where all phases are equi-present. The initial phase concentrations show that the initial state is beyond the threshold of percolation. Accordingly, the generalised self-consistent schema is adopted here which ensures a continuous description of the evolution of the microstructure during hydration. For this purpose ( fig. 4) , n isotropic elastic phases are represented by concentric inclusions embedded in the effective medium (n+1). Each phase i is
Generalized schema of a multiphase medium according to [8] .
characterised by its bulk and shear moduli ( )
κ ,µ and its volume fraction ( )
This representation corresponds to a medium where the phases are distributed in a completely isotropic and random way. For this schema, the homogenized bulk and shear moduli hom κ and hom µ are respectively given by [8] :
where the matrix
and the terms coefficients A, B, and C are given in [8] . Eqns (1) and (2) are then applied to the retained microstructure with n = 3. Consequently, the three phases contribute in the estimation of the homogenized bulk modulus hom κ through their volume fractions and their elastic properties except the shear modulus of the anhydrous cement phase a µ :
where , , , 
Material input parameters
The homogenized bulk and shear moduli ( ) hom hom , κ µ for the cement paste during hydration require to know the intrinsic elastic moduli of the cement paste components at the first scale and their volume fractions evolution during hydration. The mechanical and chemical inputs are detailed below.
Mechanical data
The hydrate phase illustrated in fig. 2 represents all forming hydrates which are first homogenized. Indeed the elastic properties of this hydrate phase ( ) , The same approach is adopted to determine the elastic properties of the anhydrous cement ( ) , a a κ µ from the elastic properties of each anhydrous Then the generalized self-consistent schema is first used for two phases (n = 2) to estimate the elastic properties of the hydrate taking into account the gel porosity created during hydration ( ) , 
Chemical data
The second set of inputs concerns the determination of the volume fractions evolution occupied by the different phases in the hydrating cement paste. This requires two steps: (1) the description of the hydration degree evolution of each chemical reaction from kinetic laws and (2) the determination of the volume fractions evolution of each phase of the cement paste during hydration.
Hydration model
In this subsection, the kinetic laws using chemical affinity are used for the description of cement hydration kinetics [5] . These kinetic laws were found useful for the prediction of the cement hydration during all hydration stages and easily incorporated within the framework of the porous medium chemically reactive (Ulm et al. [9] ). Therefore, the cement hydration kinetic reads:
where ], the type of clinker mineral and water/cement (w/c) ratio.
The concept of reaction dependence on temperature is well described by the Arrhenius equation (Pichler and Coussy [10] ): The normalized affinity consequently takes a particular expression according to the stage similarly to [5] . f is the initial mass fraction of the anhydrous components. As ( ) ξ t will be obtained by calorimetric measurement (semi-adiabatic), an alternative relation to eqn (9) is proposed in eqn (10):
where ( ) Q t is the heat of hydration, Q ∞ is the asymptotic hydration heat 
Volume fractions evolution during hydration
The hydration kinetics for each anhydrous cement component is used to determine the volume fractions evolution of the different phases of the cement paste during hydration. At each time t, the volumes of remaining anhydrous cement a V and water w V and the formed volumes of hydrates h V and gel porosity p V are determined. The volume of the cement paste c V is then given by:
In this work, the cement paste volume is assumed constant during hydration: The volume fractions for each phase of the cement paste can be formulated as: 
with:
Then, based on the stoechimetric ratio of the chemical reactions ( θ ) for the four main components of the cement, the molar masses (M) and densities (ρ) of the different phases, the volume fractions of the different phases ( )
Fig . 5 shows the volume fractions evolution during the first 24 hours of the class G cement paste hydration. The volume fractions linearly evolve versus the overall hydration degree ( ) ξ t determined from eqn (9) . The consumption of the anhydrous cement and water during the hydration reactions results in the formation of hydrates and gel porosity which is estimated to be about 2% after 24 hours of hydration when the curing temperature is equal to 60°C ( fig. 5b) . 
Cement paste characterisation
Experimental characterisation aims to provide data in order to be compared with the model-based results. Class G cement produced by Dyckerhoff which is considered a representative oilwell cement is used in this work. Its physical properties and mineral composition are given in table 3. The anhydrous cement was mixed with deionised water to prepare cement paste with w/c = 0.44.
Hydration characterisation

Isotherm calorimeter DSC
Calorimetric measurements were performed using isotherm calorimeter (HP micro DSC VII). Such calorimeter permits to study the temperature (T) and the pressure (P) effect on the hydration kinetics by following the heat flow emitted during cement paste hydration under downhole conditions. The tests conditions are summarized in table 4. 6a shows that when curing temperature is elevated (60°C), the three main phases of hydration duration are significantly reduced and the exothermic heat flow peak is higher than the heat flow evolution at 23°C. Indeed, it is well known that the increase of curing temperature accelerates the hydration reactions of the cement paste [13, 14] . However, the effect of (P) on the hydration kinetics is by far less remarkable than the one of (T) (fig. 6b ). The (P) effect is consequently assumed negligible in this work. For this reason, the pressure effect was not taken into account in the homogenization model.
Semi-adiabatic calorimeter
The Langavant semi-adiabatic calorimeter was used to quantify the heat emitted ( ) Q t during the exothermic chemical reactions between anhydrous cement and water. Such calorimeter works only at atmospheric (P) and (T). The overall hydration degree is then calculated by using eqn (10) where ( ) Q t is the measured hydration heat. The overall hydration degree obtained from semiadiabatic measurement is in good agreement with the results of the used hydration model ( fig. 7 ) obtained either from eqn (9) or from eqn (10). The overall hydration degree obtained from semi-adiabatic measurement compared with the used hydration model results at 23°C. Fig. 8 shows that the homogenized elastic properties first gradually increase during the hydration of the class G oilwell cement paste then tend to stabilize from 20 hours at 23°C, and earlier from 8 hours at 60°C. The comparison in fig. 6a between the model-based results and the dynamic elastic moduli measurements obtained by ultrasonic propagation at atmospheric conditions carried out on a white cement paste (PCCB9402) of w/c=0.4 [15] shows that the used model qualitatively describe the elastic mechanical properties evolution of the used cement paste.
Modelling and experiment comparison
Ultrasonic measurements and unconfined uniaxial compression tests are in progress on the studied cement paste curing at 23°C and 60°C in order to be compared with the homogenization model-based results. Elastic moduli evolution during cement paste hydration. a. Homogenized elastic moduli evolution compared with dynamic elastic moduli from ultrasonic measurements at atmospheric pressure [15] . b. Homogenized elastic moduli evolution at 60°C.
